Purpose The purpose of this study was to identify mutations that cause non-syndromic male infertility using whole exome sequencing of family cases. Methods We recruited a consanguineous Turkish family comprising nine siblings with male triplets; two of the triplets were infertile as well as one younger infertile brother. Whole exome sequencing (WES) performed on two azoospermic brothers identified a mutation in the melanoma antigen family B4 (MAGEB4) gene which was confirmed via Sanger sequencing and then screened for on control groups and unrelated infertile subjects. The effect of the mutation on messenger RNA Frank Tüttelmann and STéphane Viville are co-last authors.
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Introduction
Infertility affects about 7% of men worldwide; among these, a causal diagnosis is known for 60% meaning that all the other patients remain idiopathic [1] . Genetic defects could explain the cause of infertility in such men. Among infertile males, 10 to 15% will be diagnosed with azoospermia [2] and 35% with oligoozoospermia (with variable severity) [3] . Numerical and structural chromosomal abnormalities are known genetic causes of azoospermic and oligospermic cases; approximately 14% of azoospermic men and 5% of oligozoospermic men carry chromosomal abnormalities [4] . The most frequent numerical chromosome aberration is Klinefelter's syndrome, with an extra X chromosome (47, XXY) which is found in 14% of azoospermic men [5, 6] . Yq microdeletions are among the most frequent structural chromosomal causes of male infertility, involving the loci named azoospermia factor (AZF), and are found in about 10% of men with oligozoospermia and in up to 15% of azoospermic patients [7, 8] . Consequently, a genetic diagnosis is possible for only a few patients.
The mouse model has illustrated the complexity of spermatogenesis with concerted action of more than 2300 genes [9] . The analysis of the knockout (KO) mice for some of these genes has pinpointed their function in spermatogenesis, providing insights into some of the molecular mechanisms involved in the appearance of azoospermia and oligozoospermia [10] . Therefore, it is likely that most Bidiopathic^human forms may have a genetic origin. So far, only a few human genes have been identified as responsible, when mutated, for azoospermia or oligozoospermia such as DAX1, NPAS2, NR5A1, SOHLH1, SYCE1, TAF4B, TEX11, TEX15, WT1, and ZMYND15 [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
By analogy to the Y chromosome, the X chromosome is interesting in view of studying male infertility. Indeed, at the beginning of the millennium, Wang and colleagues identified 25 genes in mice that were expressed only in spermatogonia but not in somatic cells; 40% of them mapped to the X chromosome, which suggested a predominant role of these genes in mammalian spermatogenesis [21] . For some of these genes, KO mouse lines have been created and analyzed, confirming their function in spermatogenesis [22] [23] [24] . So far, few genes on the X chromosome have been studied in infertile men [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Recently, an X-linked gene, namely TEX11, was identified in which mutations are responsible for an azoospermic phenotype [17, 18] . The predominant phenotype of meiotic arrest observed in humans closely recapitulated the phenotype observed in the KO mouse model. [35] . Related mutations, ∼15% in patients with meiotic arrest and ∼1-2% among all azoospermic patients [17, 18] , are the most frequently found in these conditions in addition to Yq microdeletions. Similarly, the potential role of X-linked RHOX gene cluster in human was studied. Two mutations in RHOXF1 and four in RHOXF2/2B in patients with severe oligozoospermia were revealed, which provide evidence of impaired function of RHOX genes in human male infertility [34] .
Studying a consanguineous Turkish family, we identified melanoma antigen family B4 (MAGEB4, MIM 300153) as a new X-linked gene involved in an inherited male infertility. Indeed, a no-stop mutation was found to co-segregate with the non-obstructive azoospermia (NOA) and oligozoospermia phenotype in the family. This novel mutation (c.1041A>T, p.*347Cysext*24) substitutes the stop codon with a cysteine residue, potentially adding 24 amino acids to the C-terminus of MAGEB4. With the exception of a few functional studies on cancer cells, nothing is known about the physiological role of the MAGE gene family. This study provides the first clue to a physiological function of a MAGE protein.
Materials and methods

Patients and controls
The family comprised five brothers; three infertile brothers, two of them being born of a triplet pregnancy, and two fertile brothers, including the one from the triplet pregnancy. All affected brothers have a normal karyotype, and no Yq microdeletions were identified. The two fertile brothers fathered two and one child, respectively, while two fertile sisters mothered four and five children, respectively. The mother (III:2) has four siblings; two males and two females, all have children (Fig. 1a) .
A total of 108 unrelated, infertile Turkish men [88 NOA, 20 severe oligospermia (SO)] and 107 fertile Turkish males who fathered at least one child naturally were also included in the study. All semen analyses were performed according to current WHO guidelines [36] .
In order to enlarge the patient cohort, we screened for the MAGEB4 mutation in 67 French patients [37 azoospermia, 30 oligozoospermia] , 325 NOA patients with German origin, and 187 normozoospermic German men.
NOA cases were selected based on two spermiograms, and no spermatozoa were detected after concentration. Similarly, SO cases were selected with a threshold of <1 × 10 6 spermatozoa/ml after semen analysis. Exclusion criteria were patients with monolateral or bilateral cryptorchidism, varicocele, previous testis trauma, mixed azoospermia (obstructive associated with non-obstructive), recurrent infections, iatrogenic infertility, hypogonadotrophic hypogonadism, karyotype anomalies, or Yq microdeletions. 
DNA preparation
Saliva samples were used as a DNA source from family members, all Turkish controls and SO cases, whereas blood samples were collected from individual Turkish NOA cases after obtaining written consent. Genomic DNA was extracted from saliva using Oragene DNA Self-Collection Kit (DNA Genotek, Ottawa, Canada) or from peripheral blood using IPrep™ Pure Link® gDNA Blood Kit (Invitrogen, CA, USA), according to the manufacturer's instructions. Extracted DNA samples were obtained for French patients, whereas mutation screening was performed in Germany for their patients by the team of Dr. Frank Tüttelmann on DNA extracted from peripheral blood.
Whole exome sequencing and data processing and analysis
Whole exome sequencing of patients IV:6 and IV:7 ( Fig. 1a) was performed as described previously [19] . Briefly, approximately 1 μg DNA was sheared to 150-200 bp with Covaris Sonolab v4.3.3 (Covaris, Woburn, MA, USA). Fragments were subjected to library preparation; for each sample to be sequenced, an individual indexed library was prepared. DNA libraries were then enriched (SureSelectXT2 Target Enrichment System, Agilent Technologies, CA, USA) and sequenced with Illumina Hiseq 2500 following Illumina's instructions. Image analysis and base calling were performed using CASAVA v1.8.2 (Illumina), and detected variants were ranked by VaRank software [37] .
Mutation screening
Candidate variants from whole exome sequencing analysis and their segregation in the family were confirmed by polymerase chain reaction (PCR) and Sanger sequencing. For the variant that showed matched segregation with the phenotype in the family, the absence of variation in healthy matched Turkish and German controls was confirmed through Sanger sequencing. All exons and exon/intron boundaries of genes of interest were sequenced for validating variants as well as looking for other mutations in a group of infertile Turkish, French, and German men with similar phenotypes. Turkish and French patients were sequenced via Sanger sequencing in our lab, while German patients were analyzed via Sanger sequencing by the team of Dr. Tüttelmann in Germany. Amplification conditions and all primers are listed in supplementary data (Tables S.1A and S.1B). DNA amplicons were purified, and double-strand sequencing of each DNA fragment were performed.
RT-PCR and immunohistology
RNA samples, RNA extraction, and complementary DNA (cDNA) synthesis were done as described previously [19] . Amplification conditions and primers for RT-PCR listed in supplementary data Table S.1C. Thirty cycles of RT-PCR were followed by gel electrophoresis and ethidium bromide staining.
For immunohistochemical evaluation, human testicular tissue samples were obtained from adult patients undergoing a vasectomy reversal in the fertility center of the UZ Brussels. During surgery, a testicular tissue sample measuring about 50 mm 3 was taken to evaluate the spermatogenic status. A small piece of this testicular sample was used for research purposes after written informed consent. Prepubertal tissue was obtained from a patient who underwent testicular tissue banking as part of a fertility reservation program. Slides for immunohistological evaluation were prepared as described before [19] . MAGEB4 primary antibodies (1/50; anti-MAGEB4-antibody, ab60048 GR37013-1, Abcam, Cambridge, UK) were used for samples, and no primary antibody was applied to the negative control.
After three wash steps, sections were incubated with a peroxidase-labeled secondary antibody (Dako Real Envision Detection System; K5007; Dako, Heverlee, Belgium) for 1 h at room temperature. After washing and visualization with 3,3′-diaminobenzidine (DAB, Dako RealTM EnvisionTM Envision system), slides were counterstained with hematoxylin.
Construction of expression plasmids
DNA from III:1 and IV:7 was used as a template for wild-type and mutant constructions by PCR. Three primers (supplementary data Table S. 2) were designed to generate wild-type (WT) and mutated (MT) constructs. Sequences of both constructs were confirmed via Sanger sequencing. The PCR products were first cloned into the TOPO vector, and the constructs were verified by DNA sequencing.
WT and mutant fragments were amplified through PCR by using forward and reverse primer (Supplementary data Table S.3). DsRed-Monomer N1 vector (BD Bioscience) was linearized by HindIII and AflII digestion. Amplified fragments were cloned into the linearized vector by 1 cycle of circular polymerase extension cloning (CPEC) reaction as previously described [38] . Briefly, 200 ng of the linear vector was mixed with amplified fragments at equal molar ratio in a 20 μl volume containing Phusion High Fidelity reaction mixture (ThermoScientific). A short denaturation step (98°C, 30 s) was utilized to denature double-stranded insert and linear vector, followed by annealing step at 55°C for 30 s, and then, polymerase extension was performed for 15 s per kilobase according to the length of the longest piece. Reaction products were digested with DpnI, and then, the mixture was transfected into XL-Blue strain for protein production.
MAGEB4 wild-type and mutant cDNAs were cloned in frame either with an HA or a Flag N-terminal tag, respectively, into pcDNA3. PCMV6 MAGEA3-Myc Flag was purchased from Origene (Rockville, USA).
Cell cultures and transfections
Messenger RNA (mRNA) stability and cellular localization of wild-type and mutant forms of MAGEB4 protein were examined in HeLa and COS7 cells, respectively. A detailed protocol is given in supplementary data method S.1.
Alignment and structure prediction
The C-terminal end of the human MAGEA3 (UniProt AC P43357) and wild-type and mutant human MAGEB4 (UniProt AC O15481) have been aligned with the sequence corresponding to the crystal structure of a MAGEA3 domain (PDB 4V0P). The Jalview software (www.jalview.org) was used for sequence alignment and analysis of the sequence conservation. Secondary structure of the C-terminal end and mutant extension was predicted according to the software package PHD (https://npsa-prabi.ibcp.fr) [39, 40] . The crystal structure representations were drawn in the Pymol software (https://www.pymol.org).
Results
Desription of patients
The family pedigree is given in Fig. 1a . The parents of the index patient are first-degree cousins. The index patient is the youngest brother (IV:7); he had a microtesticular sperm extraction (TESE) operation, and histopathology defined the first biopsy material as Sertoli cell only (Fig. 1b) . In December 2014, a second biopsy resulted in a retrieval of a limited number of spermatozoa that were frozen for further intracytoplasmic sperm injection (ICSI) treatment.
Among the triplets, the two infertile brothers (IV:5, IV:6) are monozygotic twins. Patient IV:5 has severe oligozoospermia (<1 × 10 6 spermatozoa/ml); three ICSI attempts were performed; however, no pregnancy was obtained. Sperm morphology (1% morphologically normal spermatozoa) and embryo quality were low. Patient IV:6 was diagnosed as NOA. A TESE allowed the recovery of sperm during the first in vitro fertilization (IVF) cycle. Biopsy material was frozen because of the poor hormonal response during the ovarian stimulation of the female partner. ICSI was applied in the next cycle with thawed sperm, and pregnancy was achieved, resulting in the birth of healthy twins.
Exome sequencing data analysis
Since IV:5 and IV:6 are monozygotic twins, we decided to perform whole exome sequencing on the DNA of patient IV:6 and IV:7.
A total of 9.8 and 9.2 Gb of DNA sequence were generated for samples IV:6 and IV:7, respectively. More than 74% of the target exome in both cases were represented with greater than 40- 
Because of the loop of consanguinity in the family, we focused our first analysis on homozygous variants shared by both infertile brothers through the whole exome by assuming a recessive mode of inheritance, but we did not exclude possible dominant or X-linked transmission. After a first round of analysis, we also checked for heterozygous and hemizygous variants. We filtered variants according to sequence quality (depth of coverage >10), minor allele frequency (MAF <1%), validation status of the reference SNP, and novelty by comparing them to our in-house exome database. Variations were scanned for their occurrence in the two largest variation databases available: Exome Aggregation Consortium (ExAC) with 60,000 samples (http://exac.broadinstitute.org/) and NHLBI Exome Variant Server with 6503 samples (http:// evs.gs.washington.edu/EVS/). Finally, variations were scanned through online expression databases (Amazonia, BioGPS, EMBL-EBI expression atlas) and the literature for a suggested role in infertility; selection criteria for candidate genes were based on testis expression and possible role in spermatogenesis as well as existence of a mouse KO model with a male sterility phenotype.
At the end of the screening process, four genes remained: two showing a frameshift (CDCP2 and SON), one showing a missense (DACH2), and one with a no-stop variation (MAGEB4) (Supplementary data Table S.5).
Mutation confirmation and segregation in the family
All family members were screened through Sanger sequencing for the four selected variations. This allowed us to eliminate CDCP2, SON, and DACH2 since these variations were found in the fertile males of the family.
The substitution (c.1041A>T, p.*347Cysext*24) at the end of coding region of MAGEB4 was identified in both NOA brothers (IV:6 and IV:7) with 22 and 48 reads, respectively, and perfectly segregated with the infertility phenotype in the family. Indeed, Sanger sequencing confirmed the segregation of the variation (Fig. 1c) with the pathology. All three infertile males were hemizygous for the mutation; the mother and two fertile sisters were carriers; the father and fertile brothers were wild type (Fig. 1a) . The siblings of the mother were also checked; they are all fertile; her sisters (III:3, III:4) were carrier, while fertile brothers (III:5, III:6) were wild type. Carrier sisters and female siblings of the index patient have sons. However, they were not available for this study. MAGEB4 belongs to a group of genes in the melanoma antigen family with specific expression to germ cells and a murine homolog which has been suggested to play a role in germ cell-specific mitosis [41] .
The substitution leads to the stop codon being changed into a cysteine codon (p.*347Cysext*24) and causes loss of the normal translational termination. The next in frame stop codon is located 69 nucleotides downstream and according to GENSCAN (http://genes.mit.edu/GENSCAN.html) prediction 907 base pairs upstream of the polyA signal. Therefore, the mutation could give rise to a MAGEB4 protein with 24 additional amino acids. The mutation is not listed in any database collecting human sequences or repository for polymorphisms among the human population (ExAC, Exome Variant Server (EVS), ensembl, dbSNP).
In addition of scanning online databases and because there are no specific samples with Turkish origin in databases, we scanned fertile controls matching the same geographic region and/or same ethnicity of patients. Additionally, German fertile controls were checked through our collaborator.
The mutation was not detected in 107 ethnically matched healthy Turkish and 187 German fertile controls. In order to validate possible variants and to exclude other mutations, all exon and 5-UTR/3-UTR sites were sequenced in a total of 500 patients including 108 unrelated Turkish infertile cases (88 NOA, 20 SO), 67 French infertile cases (37 NOA and 30 oligozoospermia), and 325 German NOA cases. No mutation was identified.
Expression of MAGEB4
The expression profile of MAGEB4 in human tissue was studied at the mRNA and protein levels. Twenty-one total RNA samples from different organs, including testis, and nine testicular tissues derived from three Sertoli cell only, four maturation arrests at different stages, one normal, and one prepubescent patient were analyzed by RT-PCR (primers listed in supplementary data Table S1C ). The results confirmed the restricted expression of MAGEB4 to the testis (Fig. 2a) . With the exception of prepubertal testis, MAGEB4 expression was detectable in all human testicular tissues (Fig. 2b) . This latter result was confirmed by immunohistology which showed a high level of expression in differentiating germ cells and little expression in Sertoli cells (Fig. 2c) .
Functional analysis
Unfortunately, we could not get access, for research purposes, to testicular biopsy samples from the affected patients, and therefore, we set up transfected cell experiments to study the effect of the variation. We first tested whether this mutation would have any effect on the stability of the messenger RNA. Quantitative RT-PCR of transfected MAGEB4 wild type and mutant indicated not only a similar level of expression of both RNA forms but also a similar rate of mRNA decay upon transcriptional inhibition by actinomycin treatment (Fig. 3a) .
Next, since mutation of MAGEB4 adds 24 novel amino acids to its C-terminal part, we investigated the cellular localization of a N-terminal HA-tagged wild-type and mutant MAGEB4. Both COS7 and HeLa cells were tested and gave comparable results. In transfected cells, both control and mutant proteins were expressed and localized at the cell membrane, in a pattern reminiscent of F-actin filopodia and lemellipodia structures, but with no difference between wildtype and mutant MAGEB4 (Fig. 3b) .
The three-dimensional X-ray structure of the MAGE domain of the human MAGEA3 protein was published recently showing the formation of a homodimer in vitro [42] . We tested the ability of wild-type and mutant MAGEB4 to form homodimers; although our immunoprecipitation studies show that the mutant MAGEB4 is a different size than the wild type, we found that MAGEB4 interacts equally well with its wild-type or mutant forms. Reciprocally, mutant MAGEB4 interacts with both wild-type and mutant MAGEB4 (Fig. 4a) . We finally tested whether modifying the C-terminal part of MAGEB4 would modify its ability to interact with other proteins of the MAGE family. Co-immunoprecipitation experiments demonstrated that both wild-type and mutant MAGEB4 interact similarly with MAGEA3 (Fig. 4b) .
Structural analysis
We aligned the protein sequences of MAGEB4 and MAGA3 with the mutant sequence of MAGEB4 and the sequence corresponding to the crystal structure of the MAGEA3 domain encoding residues 102-310 (PDB 4V0P) (Fig. 5a ). MAGEB4 is highly homologous to MAGEA3 on the MAGE domain but has an extension of 37 residues at the C-terminal end.
Since MAGEB4 is highly homologous to MAGEA3 throughout the conserved MAGE domain, the MAGEA3 structure spanning from residues 104-314 can be extrapolated to the MAGEB4 MAGE domain positions 272 to 347 (Fig. 5b, c) . Secondary structure prediction for the Cterminal end and the additional extension in the MAGEB4 mutant indicate the presence of an α-helix preceded and followed by β-sheet regions. The C-terminal end and extension of the mutant form would extend outside the homodimeric interface shown in the crystal structure and is unlikely to disrupt this interface in agreement with our co-IP experiments.
Discussion
Despite almost four decades of IVF practice, human gametogenesis remains poorly understood. The absence of human models considerably limits knowledge of the basic mechanisms underlying human meiosis. Because of the lack of suitable in vitro models, the only effective approach to identify human genes involved in human gametogenesis is the genetic approach. Indeed, during the last decade, studying family cases of infertility or groups of infertile patients has led to a significant increase in the list of human genes involved [13-20, 34, 43-48] We present here the analysis of a consanguineous Turkish family in which we identified, by whole exome sequencing, a single-base substitution (c.1041A>T, p.*347Cysext*24) in the X-linked MAGEB4 that segregated with the nonobstructive azoospermia and oligozoospermia phenotype.
MAGEB4 is a type I melanoma antigen family gene with specific expression to germ cells, and a murine homolog has been suggested to play a role in germ cell-specific mitosis [41] . Type I MAGE genes are encoded by three X-linked clusters including more than 45 genes [49] . Recently, it was speculated that the loss of MAGEA9, another type I MAGE gene, would affect spermatogenesis [50] . The c.1041A>T substitution changed the stop codon at position 356 to a codon for a cysteine. A new in-frame stop codon is found 69 bp downstream. So, this mutation could add 24 new amino acids to the C-terminus of MAGEB4.
No-stop mutations are very rare; there are 119 examples of mutations that occur within stop codons listed in the Human Gene Mutation Database (HGMD) 2008 update, which constitutes ∼0.2% of codon-changing mutations [51] . Because of the scarcity of this type of mutation, there is no established consensus on their consequences. In fact, Bno-stop^mutations can alter protein functions in different ways. The mRNA can undergo a rapid decay, especially when no new stop codon is found before the polyA signal or over a certain distance, preventing the production of the protein [52] . The addition at the C-terminus of a stretch of amino acids can affect the stability or the folding of the protein, driving it to the proteasome for rapid degradation [53] [54] [55] . Finally, it can lead to the production of a stable protein with an altered C-terminal structure. In man, a mutation substituting the stop codon with a tyrosine residue in MSX1 has been identified, and in vitro studies showed that the mutant MSX1 could be expressed but had lost its ability to enter the nucleus [56] . There are also examples of stable proteins after no-stop mutations in other animals. In bovine protoporphyria, a no-stop mutation in the ferrochelatase gene adds 27 amino acids to the mutant protein and results in a stable, slightly larger protein in mutant animals [57] . The authors stated that this addition Fig. 3 mRNA decay affects the catalytic activity of the enzyme since it occurred in the carboxyl terminus, known to play important roles in catalytic function. A no-stop mutation which resulted in the addition of 25 amino acids in the S-antigen gene was associated with late onset hereditary retinal degeneration in dogs [58] . This study also suggested that although the estimated half-life predicted localization, and instability index would not change, it is not certain that the mutant protein would fold correctly since the isoelectric point of the protein was changed. Even if the protein would fold correctly, then the mutant protein's ability to bind appropriately to its G protein-coupled receptor, rhodopsin, would likely be impaired, and this would likely lead to the retinal degeneration phenotype [58] .
Since the MAGEB4 protein is testis-restricted, for ethical reasons, we could not get access to patient's testis samples to test these different possibilities. Therefore, we tested the effect of the mutation on MAGEB4 by in vitro cell transfection. We could show that MAGEB4 mRNA stability is not affected and that the extended protein can be produced, is stable, and is localized to the same cytoplasmic compartment as the wildtype form. This was done in a context of overexpression in cells not normally expressing MAGEB4, which may differ from the physiological level of expression and may affect the results described above. By immunoprecipitation, we also showed that mutated MAGEB4 as well as the wild-type form is able to interact with MAGEA3 and to form homodimers with itself.
Little information is available on the oligomeric state or atomic structure of MAGE proteins. The crystal structure of MAGEA3 protein indicates that the MAGE conserved core domain forms a dimer with its C-terminal end stretching on the surface of the other monomer. Our results indicate that the dimer seen in the crystal might reflect the functional dimer observed in our co-transfection experiments and that the dimer is still present despite the 37 aa-longer MAGEA3 C-terminal end. The no-stop codon mutation observed in this study adds another 24 amino acids to the C-terminus of the protein. We suggest that the MAGEB4 C-terminal tail and mutant extension would protrude from the position of Arg310 and extend outside the dimer interface (Fig. 5c ). The N-terminal and Cterminal ends vary from one MAGE protein to another and might be linked to tissue and functional-specific regulations [59] . Several studies have suggested that the MAGE proteins may be involved in protein/protein interactions [49] . The mutant form, with a 24 amino acid extension of MAGEB4, does not affect the ability of the protein to homodimerize but could potentially compromise regulatory post-translational modifications and/or association with other cellular partners.
Despite the screening of 500 NOA/SO patients, we could not find any of them mutated for MAGEB4. We believe that mutation in MAGEB4 is very rare because it is part of a very large family of MAGE proteins and that there is most probable redundancy between them. Therefore, we postulate that only dominant negative mutations would give rise to a phenotype because otherwise other members of the MAGE will take over. Although the identified mutation remains a familial one and involves only a limited number of patients, this study represents the first indication of the physiological function of the MAGEB4 protein.
